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SUNKARY 



Experimental tests were conducted using a generated square 
pressure wave to determine the environmental effects on pressure 
sensing systems for oscillating pressures. Square wave pressure 
oscillations from approximately 25 to 120 cycles per second and 
about six inches of mercury in amplitude were used for various 
configurations of the tube connecting the pressure sensing instru- 
ment to the sourco of pressure oscillation. 

It was necessary to resort to harmonic analysis of the 
pressure waves obtained on oscillograms to determine the three basic 
results of attenuation, phase lag, and the degree and kind of 
distortion caused by the connecting tube system. Insufficient 
time was available to analyze a sufficient number of oscillograms 
which would cospile enough information to enable the designer to 
select the proper configuration which would give a satisfactory 
response over a desired frequency range or to eliminate undesired 
resonances when only a mean pressure level is desired. 

It was concluded that any arbitrarily produced pressure 
wave enn bo used to determine attenuation, phase lag, and distortion 
through use of harmonic analysis and comparison with the wave 
obtained with the pressure sensing instrument connected directly 
to the pressure wave source. < ?he attenuation and phase lag for 
the first six harmonics at a frequency of 30 3PS for four finite 



tube lengths were determined experimentally and those for the 
fundamental wore shown to be in fair agreoiaent with that obtained 
theoretically ns obtained from the graphs prepared b7 A. 8. Iberall 
in reference (4). 

This investigation w as conducted in the Mechanical 
Engineering Instrument Laboratory of the University of Minnesota 
by R. R. Thoe under the guidance of the Mechanical Engineering 
Department Staff during the Spring of 1952. 



AS IXPiaXMCXtAL ANALYSIS OF SNVIROEMSHfAL *Ff» CTS ON 



FitKSSy as SKKSXNB SYCKV.2 FOR 08C1UATI3& PRESSURES 



INTRODUCTION 

The measurement of fluctuating fluid pressures presents 
a problem In many present-day applications. Numerous devices have 
been utilized but the demand for Bore accurate methods for relatively 
larger amplitudes and higher frequencies of pressure oscillations 
b;»ve created many now applications of principles for pressure 
sensing systems for specific problems. 

In measuring rapidly changing pressures, one of the more 
important considerations is the dynamic characteristics of the elastic 
system of the pressure sensing device, in particular the natural 
frequency and the amount of damping present. The displncenont of 
the pressure sensing system should be in proportion to and In phase 
with the applied pressure with no relative distortion in amplitude 
or phase of the harmonic component of the oscillating pressure 
source up to the highest component it is desired to measure. 

There are mny other important considerations which include! 

(1) Snail* portable, and inexpensive as possible. 

(2) Sense gauge or differential pressures. 

(3) Have constant calibration over period of time. 



(4) Simplicity in operation. 

(5) High sensitivity. 

(6) Aspic range in amplitude and frequency. 

(?) Adda negligible volume of gas to system being 
measured. 

(8) Contains negligible hysterisis. 

(9) Unaffected by thermal* electrical* magnetic, and 
mechanical interference. 

(10) Ability to utilize long cables if necessary. 

(11) Direct and permanent method of presenting recorded 
pressures. 

Ko known device meeting all the above requirements exists 
at present, but rather there are many devices which are more or less 
satisfactory for the field for which designed. Some of the pressure 
sensing systems which have found considerable use are briefly dis- 
cussed in Bof. (l) and (s). 

Often it is impossible to install the pressure sensing 
element directly at the point of measurement. It then becomes 
necessary to connect the pressure sensing element to the source by 
a connecting tube. This connecting tube introduces tho possibility 
of errors due to resonance or attenuation in the tube. This results 
from the fact that the air column in the tube has a definite mass 
inertia* elasticity, end can dissipate energy with its own motion 
such that wave motion can be propagated along its tube length. 
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Several theoretical and experimental investigation® have 
■been undertaken in an effort to determine the effect of connecting 
tube on the pressure response indicated by the sensin': instrument. 

Israel Tabaek, Sef. (3). compared the pressure response 
obtained theoretically with that obtained experimentally for a steady 
state sinusoidal oscillating pressure with various environmental 
changes including the following all at varying frequencies from 
sero to 70 cycles per second for several tube lengths? 

(1) Simple tube system of negligible instrument voluiae. 

(2) Tube with inlet restriction. 

(.l) Appreciable instrument volume. 

Theoretical results were obtained using the electrical 
alternating current X-L-C circuit analogy. Unfortunately this 
method requires a considerable amount of tedious computation for 
even the simplest systems nad insufficient information exists to 
warrant the validity of these solutions for large amplitude 
oscillations. 

Experimental results compared favorably with that computed 
for various tube lengths, diameters, and appreciable instrument 
volume at frequencies from zero to 70 cycles per second. Experimental 
results showed that an inlet restriction had a damping effect at 
resonances but negligible effect at aatiresonance. The effect of 
an appreciable instrument volumo was to lower the resounnt frequency 
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of the system and decreased the amplitude of the recorded pressures 
through eost of the frequency range investigated. 

In this report it was concluded 

that for accurate dynamic pressure measurement the 
first resonant frequency of the pressure measuring 
systen should be kept well above the highest pressure 
frequency to be measured. 

Since the resonant frequency is inversely proportional to the 
length of the connecting tube, the simplest way to accos^lish this 
is to place the pressure sensing instrument as close as possible to 
the source. 

A theoretical investigation of the attenuation and lag 
of an oscillatory pressure variation for a finite connecting tube 
length to the pressure sensing instrument was made by A. S. Iberall, 
Hef. (4). A sinusoidal pressure oscillation was assumed at the 
source which was connected to the pressure sensing device by a 
connecting tube. The problem was attacked by first assuming an 
incompressible viscous fluid such that Poiseuilles lav of viscous 
resistance was valid throughout the system. These results were 
then corrected for compressibility, finite-pressure amplitudes, 
appreciable acceleration, and effects for finite length of tube, 
and heat transfer through the tube. The correction for 
compressibility introduced a time constant and attenuation factor 
dependent on the tube and instrument volumes. Finite pressure 
excess amplitudes about the noon pressure introduced harmonic 
distortion proportional to the amplitude of tho pressure excess 
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ia the case of compressible fluids, but the attenuation of the 
fundamental appeared to be essentially independent of the amplitude 
of the oscillation. The inertia of the fluid through its influence 
on fluid acceleration codified the time constants of the systen 
effecting both the attenuation of the fundamental and the amount 
of harmonic distortion. It was shown that if the fluid inertia is 
large an undamped system is present permitting olementniy acoustic 
theory to be used, but when fluid inertia wss negligible the 
transmission tube bec&me a highly damped system. In short tubes 
a correction oust be introduced to allow for the end effects result- 
ing fro 32 fluid acceleration at the ends of the tube which further 
distort the were for®. At low frequencies, an isothermal process 
va* assumed, but at higher frequencies where heat transfer cannot 
be assumed perfect end the process can still not be assumed to be 
adiabatic, a further correction for this polytrepic process was 
introduced. 

The results were presented in a series of graphs which 
perait the designer to determine certain dimensions for a pressure 
sensing system to be used with & given sinusoidal oscillating 
pressure to obfcein a desired amplitude and lack of distortion, or 
to determine the attenuation and lag of a given pressure sensing 
system. 

This theory could be applied to other types of pressure 
oscillations such as a square wave pressure source by resorting to 
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Fourier analysis, although it would require a great amount of 
tedious and arduous mathematical confutation. 

2ACA XU 1988, Hef. (5), develops theoretically and 
centres eTcperifflental results of the transient behavior of landed- 
constant system for sensing transient pressures. The pressure 
sensing system consisted of & tube connected to a reservoir where 
the pressure sensing instrument was located. A short straight 
tube whose volume was much smaller than the reservoir volume was 
used so that the dead time, length of tube divided by the speed 
of sound, was negligible and the volume flow through the system 
depended essentially only on the compressibility of the gas in the 
reservoir. Thus it wan assumed that space variables had no effect 
and that the pressure disturbances occurred instantaneously through- 
out the system with varying magnitudes. In addition for the 
theoretical analysis, the process was assumed to be adiabatic and 
to consist of only small pressure changes. 

Bxperimental data was obtained by interrupting an air 
stream directed at the open end of the tube. This was accomplished 
by using a revolving slotted disk between the stream source and the 
open end of the tube. The pressure response in the reservoir was 
sensed by a commercial device which presented its readings on an 
oscilloscope. 

One of the primary purposes of this investigation was to 
establish a method for determining design parameters for r control 
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loop system encountering transient pressures, From the results 
obtained it was shown that the differential equations utilized in 
the theoretical analysis were sufficiently valid for design purposes 
for similar conditions in practice. 

For a given gas under specified conditions, the undamped 
natural frequency and damping ratio are functions of the tube length, 
tube radius* end reservoir volume. Thus for given desired values of 
frequency and damping ratio, when one of these system dimensions is 
limited by practical reasons, the other two dimensions uniquely 
determined. If two of the dimensions ore restricted, the third can 
be determined for either frequency or damping ratio. If tube length 
end reservoir volume have already been reduced to the practical 
mini mums, the undated natural frequency can be increased only by 
increasing the tube radius. Unfortunately this may decrease the 
damping ratio too much (for control loops). However, the damping 
ratio was increased vdthout changing the system dimensions or 
natural frequency through the addition of an increased resistance 
in the tube such as a wire mesh or orifice. 

An experimental investigation was conducted, fief. (6), 
using a square-wave pressure valve to determine experimentally some 
of the effects of changes in important design parameters on a 
balanced-pressure diaphragm indicator for measuring transient 
pressure changes. The square wove pressure generator consisted 
essentially of a rotating slotted disk which connected the sensing 
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reservoir alternately to tw reservoirs at two different known 
static pressure levels. Limitations of the equipment used prevented 
findings of much value to the immediate field of this study. The 
clamped diaphragms introduced a zero shift error due to elastic 
stress which could he eliminated toy tfca use of free unclasped 
diaphragms. However, the lower natural frequency of free diaphragms 
limited the frequency of pressure oscillations to a rather low value. 
Considerable erratic behavior was detected in the response of 
diaphragms to a change in pressure in time, sometimes lagging much 
more than other times. The cause of this erratic response ties 
was not determined and say have been due to the square-wave generator 
or pick-up system, although varying the diaphragm mass, motion, and 
damping had no apparent effect on the degree of erratic response 
time. 

The present Investigation is an experimental analysis of 
environmental effects on pressure sensing systems for oscillating 
pressures. It was conducted through use of s square wave pressure 
generator designed and previously used by E. 8. Smith at the 
University of Minnesota and is described in the Test Squipnent 
section of this report. This generator wee driven by a variable 
speed motor so that the fundamental wave frequency could be 
controlled at will. 

Three different types of pressure sensing devices were 



originally contemplated to enable a comparison and check of the 
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data obtained. The three pressure pick-up syeteos selected were: 

(1) The Stathas Gage. 

(2) The £leciro-Pressure£raph. 

(.1) The Mschano-Slectronic Transducer. 

These three systems were selected largely for their high 
natural frequency, thus permitting investigation of pressure 
oscillations to a relatively high frequency. In addition, all 
three systems permit pressure readings to be easily presented on 
the cathode ray tube oscilloscope. However, due to technical 
difficulties and shortage of tise. the scechano-electronic trans- 
ducer was not used in this Investigation. 

It was the intention of the author to vary those environ- 
mental configurations which occur frequently in pressure recording 
installations in actual practice. The primary changes investigated 
were changes in the length of th© tuba connecting the instrument to 
the wave generator at frequencies from 25 to 13) cycles per second. 
Tube lengths tested were standard l/4 inch outer diameter copper 
tubing and were of 12, 24, 42, and 60 inches in length. £ero tube 
length test runs were made to which the other runs were compared. 

In addition test runs wore made of larger diameter tubes (s/3 and 
l/2 inch O.D. ), but due to the fittings on the instrument and the 
square wave generator, these larger diameter tubes hnd to be 
restricted at their ends down to the same diameter size used for 
the 1/4 inch tubing. Several tests were conducted on the efficiency 
of various plenum chamber configurations to determine effectiveness 
in damping of oscillations. 



IS - 



the arbitrary character of the initial pressure wave 
complicated the analysis of the oscillograms obtained. Since the 
generated wave was not a perfect square wave* comparison of a 
wave obtained from any given configuration to that of the 2 ero tube 
length wave for the seas frequency required harmonic analysis to 
obtain any reliable information. This was a task requiring sore 
tltse than available so that this report was narrowed down eventually 
to tfco case of one frequency* 30 CPS, for tube lengths of zero, 12, 
24* 42, and 60 inches in the determination of attenuation, phase 
lag, and distortion caused by finite tube lengths. 

this investigation was conducted by R. R. fhoe at the 
Internal Combustion ^ngines Instrument Laboratory of the University 
of Minnesota, during the Spring of 1252. 
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TEST EQJJIPMEHT 

The experimental tests were conducted using a square 
pressure wave generator driven hy a variable speed motor. Through 
this both the frequency and amplitude of the square pressure wave 
could be varied at will. A pressure transducer interpreted the 
wave and presented it on a cathode ray tube oscilloscope, Dumont 
Type 304-H, from which oscillograms were rta.de through utilization 
of a Dumont oscillogram camera, Figs. 1, 2, and 3 show the general 
set-up of the test equipment. 

Three different pressure sensing devices were contenplated 
for this investigation; the Statham gage, the Electro-Pressuregraph, 
and the mechano-electronic transducer. Tests were made using the 
first two instruments, but the mechano-electronic transducer was 
not used due both to lack of time and difficulties in obtaining the 
tube and fabricating a satisfactory linkage system in the pressure 
pickup for the tests contemplated. 

The Statham gage, model P6-4D, pictured in Figs. 1 and 2, 
utilizes an electrical strain gage mounted on a pressure diaphragm. 
This strain gage is one element of an electrical bridge circuit 
whose output is fed directly into the oscilloscope where full 
D. C. amplification was used throughout all test runs using the 
Statham gage. 
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The 'lectro-PresBuregmpb, manufactured by the Electro- 
Froducte Laboratories of Chicago, Illinois, is of the capacitor 
type in which the pressure diaphragm forms the variable capacitance 
element and is pictured in Fig. 3. For the pressure range investi- 
gated a diaphragm thickness of 0.010 inches was usad. 

All teste were conducted using the square pressure wave 
generator sketched in Fig. 4. This consisted of a rotating valve 
element mounted in a housing with ports drilled every 90 degress 
f»long the circumference of the housing. The rotating element had 
one hole drilled diametrically and one axially connecting the 
diametrically drilled hole with the end hole, 5, in the housing. 

As the rotating element revolves, the diametrical hole connects 
the port at 5 first to the tank pressure, p^, applied at 1 and 3, 
erasing the pressure at 5 to increase to pressure, p , until the 

*v» 

diametrical hole is uncovered by porta 3 and 4 exhausting the 
entrapped pressure to atmospheric pressure, p 0 . Thus it con be 
seen that a square pressure wave is generated with a frequency 
twice that of the frequency of rotation of the rotatin'? elearnt. 

A stiff hose coupling was used first between the shaft 
of the motor and the rotating element of the wave generator to 
eliminate vibration froa the motor daring the Stathsm gnge test 
runs. It was believed that a considerable amount of variable lag 
between the generator and the motor shaft on which the timing 
circuit was mounted resulted from each a flexible coupling. 
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therefore, a universal joint coupling was substituted which hr.d 
a relatively constant lag with revolution speed and was used 
throughout the Blectro-f ressuregraph test runs. 

the sage pressure, p g , was supplied by n cylinder of 
COg &&s expanded through two valves to facilitate close control 
o? the gage pressure. Fig. 5 ie a schematic sketch of the gage 
pressure system. By opening valve a, pressure was admitted to 
gage (1), end by carefully opening valve S any desired gage 
pressure as read on the If-tdbe manometer. K, could be placed 
throughout the manifold system. Valve C permit s exhaust to the 
atoosphere and was used during static calibration of the 
instruments. Valve I) opened the pressure to the wave generator 
and was open during the dynamic tests. Fitting S c was the location 
of the instrument during calibration runs, the instrument being 
replaced by a plug during dynasiic test runs. 

The Stathaffl gage, being n resistance bridge circuit 

instrument, lends itself to a convenient method of calibration. 

Fig. 6 is e schematic sketch of the electrical circuits used. 

The resistance R across an inout and output terminal of the 
c 

bridge serves as a neana of indicating an arbitrary calibration 
pressure line on each oscillogram, fclien the switch, , is closed 
the oscilloscope trace jua?>a vertically to a value of a correspond- 
ing prescare. A resistance of R c a 370,000 ohss was found to give 
« pressure indication of S inches of mercury gage. This pressure 
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line was placed on each test run picture along with the zero 
pressure line to give a scale factor to each picture of the 
St&thao teat runs. 

To determine phase lag, an electric trash timer was 
dosignod and installed on the motor shaft. ?ig. 6 illustrates 
the principle of the brush timer. Since there are two cycles 
of the wave for each revolution of the shaft a signal every 
180 degrees of rotation of the shaft was desirable. A brass 
collar, with a 180 degree slice down one side filled with plastic 
was counted on the shaft. The two brushes coisplete the timer 
circuit when bath brushes are in contact with the brass nnd open 
the circuit when the one brush contacts the plastic. The 
rsnainder of tho timer electrical circuit consisted of a battery 
end a variable resistance load and a etep-up transformer. The 
secondary of the transformer fed into the Z axis of the 
oscilloscope and the comoon ground. 

A# the circuit is closed by the brushes a flow of 
current goes through the prlmry of the transformer and during 
tho transient current flow, a voltage ie generated in tho 
secondary transmitting a pulse to the Z axes of the oscilloscope 
increasing the intensity of the trace on the oscilloscope screen 
soaentarlly. Vhen the brush contacts the plastic as the shaft 
revolves, the circuit is opened and there is a sudden stoppage 
of current in the primary. This transient again causes a 
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voltage to be generated in the secondary but in the opposite 
direction so that the trace on the oscilloscope screen is 
decreased in intensity. Thus & tiae signal me imposed on the 
oscilloscope screen to indicate when tbe wav© cycle actually 
started at the generator. 

The shielding .and grounding of all electrical input 
cables to the oscilloscope was found to be essential to prevent 
the pick-up of extraneous signals on the oscilloscope screen. 
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A minima warm-up period of one hour for the oscilloscope, 
gtrobotnc, nnd constant voltage transformer, and of twenty minutes 
for the Stethaa gaga and !31ectro-Pressuregrnph was observed before 
all test runs to ascertain temperature equilibria* throughout the 
system. “This was found necessary due to the inhorent tendency for 
vertical drift in the Dumont 304-B oscilloscope. However, using 
these precautions of sufficient warsvap time and the use of a 
constant voltage transformer between the line voltage and the 
oscilloscope, the vertical drift of the oscilloscope trace was 
negligible and caused little trouble. Nevertheless, it was found 
isrposeible to use this type oscilloscope without the constant 
lino voltage since vertical drifts as largo ss half an inch were 
sometimes noticed in the matter of only two or three seconds when 
used with a regular voltage supply source. 

Two calibration runs were made for each series of test 
runs as taken on each roll of film. One calibration was taken 
at the start of the runs and another at the end of the film to 
cake sure that no change in calibration of the instrument occurred 
during the test runs. 

To calibrate the St&tham gag®, valve C and P of Fig. 5 
were both closed and the instrument attached at S c . A. pressure 
was imposed on the gage by opening valve £ until s given pressure 
was admitted and then it was tightly closed holding this prossure 
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TEST ?20C£QU&X 

A minima warm-up period o? one hour for the oscilloscope* 
strobotac, and constant voltage transformer, and of twenty minutes 
for the Stathao gaga and alectro-Pressuregroph was observed before 
all test runs to ascertain temperature equilibrium throughout the 
system. This was found necessary due to the inherent tendency for 
vertical drift in the Dumont 304-H oscilloscope. However, using 
these precautions of sufficient warm-up time and the use of a. 
constant voltage transformer between the line voltage and the 
oscilloscope, the vertical drift of the oscilloscope trace was 
negligible and caused little trouble, nevertheless* it was found 
is^ossibie to use this type oscilloscope without the constant 
line voltage since vertical drifts as large as half an inch were 
sometimes noticed in the matter of only two or three seconds when 
used with a regular voltage supply source. 

Two calibration runs were made for each series of test 
runs as taken on each roll of fils. One calibration was taken 
at the start of the runs and another at the end of the film to 
make sure that no change in calibration of the instrument occurred 
during the test runs. 

To calibrate th® Statham gage, valve C and D of Pig. 5 
were both closed and the instrufflsnt attached at S c » A. pressure 
was imposed on the gage by opening valve b until e given pressure 
was admitted and then it was tightly closed holding this pressure 
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in the systen. A picture was then taken of the deflection on the 
oscilloscope and the pressure recorded. Valve C was theQ opened 
to exhaust the pressure to the atmosphere and the trace on the 
oscilloscope was checked to ascertain that it had returned to 
its zero reference line. Ibis was facilitated by placing a 
small mrk on the oscilloscope screen which was easily discernible 
through the peephole of the recording caeera hood when the trace 
was tangent to this saark. Other pressures were applied in a 
similar manner from zero gage pressure to a gage pressure of 
four pounds per square inch, the mxinuo allowable for this gage. 
All calibration lines were exposed on the same film frame through 
multiple exposures. It was found impractical to calibrate the 
instrument when connected to the ware generator as there was 
considerable leakage of pressure through the wave generator. 

This, of course, made it impossible to maintain a constant static 
pressure when the generator was not in operation. 

The ^lectro-Pressuregmph was calibrated in the same 

manner with the exception that no device giailar to the 

calibrated resistance, H , used for the Statham gage, was 

c 

utilized due to the increased complexity of a capacitor circuit. 

After the initial calibration was completed the gage 
was removed from the calibration position. S c , of Fig. 5, which 
was then plugged, and tho gage was attached to the output of 
the square wave generator. Oscillograms wore made of fundamental 
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wave frequencies from approximately 25 to 100 cycles per secor.d 
In steps of opprori stately five cycles per second. 

The confi mirations tested consisted primarily of varying 
the length of the tub© connecting the pressure pick-up to the 
generator. These were stade using standard 1/4 inch outer disaster 
0.030 inch thick copper tubing of 12. 24. 42. find 60 inches in 
length. The aero length runs, to which the others were coapnred, 
were made using a standard l/S inch pipe nipple which placed the 
instrument pressure diaphragm about three inches f roa the 
generator. 

Tests were also cads using 3/S and l/2 inch outer diameter 
copper tubing. However, since the wave generator and the preaauro 
pick-up he.d 1/8 inch pipe fittings the end of these tubes were 
restricted in diameter to use these fittings, this was accomplished 
by cutting ths standard half union of a flare coupling for the 
larger tube in half and joining it to the l/8 inch pipe end of a 
l/4 inch tube half union. 

In addition, some investigation of the effect of different 
configurations of surge tanks or plenum chambers in the connecting 
tube was s»de. The surge tanks used were standard Fr&s oil filters 
of approxiftstcly C.C59 cubic feet volume. A single filter in an 
equivalent 42 inch long tube and a ‘J7' type filter utilising two 
J'raffi oil filters in series with an equivalent tube length of 



12 inches were used 
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to determine if ths pressure system mnifold was contri- 
buting undesired oscillations in tho produced were, & surge tank 
was pl»eod between tho gage pressure manifold and the generator 
for a series of sera tube length test runs for both the St* than 
and Electro-Pressuregreph gages. 

Before each oscillogram was made, the aero pressure 

line was checked on the oscilloscope to Ascertain that no vertical 

drift of the oscilloscope trace had occurred. An exposure of the 

sero pressure line was then taken. In the case of the Stathas 

gage tests* a film exposure of the calibration pressure line was 

then taken by closing the switch for the calibration resistance, 

H » of Pig. C). The switch was then opened and the trace was 
c 

examined to ascertain that it had returned to the zero reference 
pressure. The rotor was then started and the speed adjusted to 
that giving the approximate desired fundamental frequency of the 
wave. This was done by use of the strobotac. Gage pressure was 
then applied by opening the valve, B, of Fig. 5, until the 
desired pressure was rend on the Mnoeeter. The wave as shown 
on the oscilloscope screen was then observed and synchronized 
and the picture was exposed. Immediately on taking the picture 
the pressure as shown on the manometer nod the revolution speed 
of the generator as shown by the strobotac were read end recorded. 
The pressure was then turned off end the motor stopped. 
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'fh* gage pressure could be Maintained very steady during 
running* but the motor speed tended to vary plus or minus 20 BPM 
(O.SG cpa of the fundamental wave frequency) at the higher speeds* 
However, the revolution speed uas believed to be quite accurately 
determined at the timo the picture waa a»de. 
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RSSULTS A»2> DISCUSS 10» 

For each oscillogram taken of a givon wave* the following 
itess were recorded* (1) of the generator shaft by use of a 
calibrated strobotac, (S) the gage pressure applied to the wave 
generator as read on the U-tub* manometer* and (3) the exposures 
taken* for example the zero pressure line* the calibration 
pressure line* and the wave itself. From item (l), the k?H, tho 
fundamental frequency of the wave in cycles per second was 
determined by dividing the K?M by 30. After development of the 
fils* the frame number of the picture on the film was recorded 
oa the data sheet for each picture to facilitate finding any 
deeired oscillogram of a given configuration for a given frequency. 

One method of analysing the oscillograms would have been 
to make an enlargement of each negative and use these to take all 
measurements. However, the time involved for enlarging the nearly 
six hundred photograph* taken was prohibitive, so that another 
method of obtaining data was decided upon. 

the availability of a microfilm reader which permitted 
the use of 35 am. film offered a convenient method of studying the 
films. 3y placing a uniformly ruled section of vellum graph paner 
in the elide, the microfilm reader was checked for linear magnifi- 
cation throughout the range of Signification of the instrument 
(from 11*1 to 23*1) and wea found to be linear on all soetienc 
of the ground glass screen. 
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In the attempt to determine attenuation due to chonge in 
tube length, many difficulties arose in interpreting the oscillo- 
grams. As soon as any tube length was added* the wave shone became 
distorted to such 0 degree that the actual amplitude of the funda- 
mental wave was not directly mensurable. ?his excessive distortion 
was primarily the result of the fact that a square wave is so rich 
in harmonics* that for any finite tube length and frequency there 
will be some harmonic distortion. Although the wave generated was 
not a perfect square wave, at the lower frequencies a very close 
approximation to a square wave was realised ns born out by the 
oscillograms, (S* ig. ?)• 

It can also be seen that even for the zero tube length 
configuration the wave distorted considerably at the higher 
frequencies. This was considered primarily a function of the 
generator although it was also due to limitations of the pressure 
sensing instrument. It can be seen that at the higher frequencies, 
the diametrically drilled hole in the rotating element of the 
generator is opened to the tank pressuro (or atmosphere) for & 
much shorter period of time. A9 the port opens to exhaust to 
the atmosphere, for example, the entrapped gas at the tank gage 
pressure expands rapidly and the inertia of the expanding gas 
carries the enclosed pressure below atmospheric. However, before 
the pressure equalises with the atmosphere the port closes, and 
the pressure remains below atmospheric. Actually there is souse 



- 25 - 



leakage around the rotating elenent so that the negative gage 
pressure rises slowly toward the sere gaga pressure line and is 
cot perfectly flat. Similar reasoning can he applied for the part 
of the cycle when gas at tan#: pressure rushes into the rotating 
port. However* by comparing th© oscillogram of a wave for a 
finite tube length to that for zero tube length both at the saoo 
frequency* the characteristics due to the generator itself are 
eliminated. 

An attest was made to measure attenuation by integrating 
the area enclosed by the wave trace about tho zero pressure line. 
This was accosiplisfaed by tracing the oscillogram wavs on tracing 
paper for each tub® length »t frequencies of every ten cycles per 
second from 30 to 100 cycles per second. Althcu^i a long and 
tedious task* the waves were accurately traced at full mgnifi- 
cntioc of 33 times through use of the microfilm render. Full 
magnification was used to ascertain that all oscillograms were 
magnified ths same amount. An the oscilloscope trees line at this 
ragnificaticn was often quite a heavy line, 1/32 to 1/8 inch wide, 
the tracing was zs.de by following tho centerline of the projected 
trace. The areas were then integrated by use of a plan! meter. 

£ach integrated area vac arrived at by averaging two reading* 
when they varied less than one-half of one per cent. If plsniaeter 
readings varied more than thle, more readings were taken and 



averaged in 



Since the wave length as shown on the oscillogram was 
purely arbitrary, depending on the sweep speed and x-axis 
amplification as set on th© oscilloscope, the area was divided by 
the ware length, ^ . fhl* gave the mean crdincte of the wave, 
end, when multiplied by the static pressure calibration scale 
factor, S c , represented mean pressure. 

Again attention is cnlled to the fact that all 
oscillograms, including the static pressure calibrations, naturally, 
wore traced at full magnification of the microfilm reader. Also, 
in the caee of the Stathao gage, all calibration runs for the 
Staihcsi gage conveniently gave the same constant linear calibration 
of one inch deflection for one inch of mercury gage pressure, see 
Fig. 3 for a sample of the calibration carves. (For the Stnthnm 
page, full S.C. amplification of the y axis on the oscilloscope was 
used throughout all test runs* so that quantitative comparison 
between teat runs would b© facilitated.) 

However, it was impractical to epply the identical g£ge 
pressure to the square wave generator for all test runs, although 
they wore within the same general value with the exception of a 
few intentional changes in pressure amplitude to determine any 
effect of pressure amplitude, therefore, in comparing the amplitude 
of a pressure wave resulting from a test run with s finite tube 
length to that for the sere tube length both at the same frequency, 
a correction was required to reduce both to the same impressed 
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pressure. See sample calculations for a hypothetical case using 
this method of analysis. 

However, for the 3siectrs-f'ros*aregraph» as previously 
mentioned* the calibration of the instrument was not constant 
throughout the test runs, see Jig. 9. To further co silicate the 
problem, its calibration was not even linear. However, for the 
region used during the dynamic tests, the first calibration vas 
essentially linear and used as such, i'or the second calibration 
of the Klectro-Pressuregraph which was for the test runs of the 
60 inch tube length, a straight line was drawn for the region used 
in the dynamic tests utilising the theory of the least squares. 
However, the non-linear response of the ^ lec t ro— ° re % s u r e graph makes 
this type cf analysis useless unless the tests are within a 
practically linear portion of the calibration curves. 

This method of analysis utilising the area enclosed by 
the wave about the sero gage pressure line proved too inaccurate 
to produce reliable results and was finally discarded. 

The only other alternative method of analysis to obtain 
attenuation results which could be checked with some available 
theory appeared to be harmonic analysis. Unfortunately, 
insufficient time regained to analyse more than a fow of the 
waves. It was decided to analyse the aero, 12, 24, 43, and 60 
inch tube lengths at 30 cycles por second as obtained with the 
Stathas gage. The Stathae gage oscillograms were preferred over 
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the Kloctro-Pressuregraph tests due tc the excellent linear 
response nnd constant calibration value of this instrument which 
permitted better comparison betveen test runs, "ach oscillogram 
was analysed in the following Banner. On® wave length was divided 
into 36 equal segments, and the ordinate at each division was 
measured. The choice of 36 divisions was sad© because each seg- 
ment then conveniently represented 10 Aegroes end the fact that 
the analysis becomes more accurate as the number of ordinates 
used is increased. From this, ths first six harmonics were 
determined for each oscillogram. {Only six harmonies were deter- 
mined mainly due to the lack of tine. ) This was accomplished from 
the basic formula for a Fourier cosine-sine series ofs 

P z & 0 /2 1 m 008 * / e-cos 2t /' / a n co# nt -f ••• 



The item i* the ordinate at the q*'* 1 division of the abscissa, 
p is the number of divisions pei- half cycle, and n is the particular 



i b^sin t / b->ein Si / / b a eln nt / 

where th© coefficients a n and b n are: 






over the cycle 
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Table I Is a listing of the coefficients for these terss 
for each of the tube lengths analysed at a frequency of 30 cycles 
per second. 

For the sake of simplicity and to enable better comparison 
between the different tube lengths, these in tarn were resolved 
into the resultant or cqsplete harsionic equations by use of the 
forailai 

P = 2l<* n 2 / *3 cos (nt - e) 

where e - tan“ A (b n /&n) 

and (a n ? / b n 2 ) v is tiie amplitude. 

The values for these coefficients end phe.se angles* e* ere listed 
in Table II. 

Fig. 10 is a plot of the fundaaentol harmonic for the 
zero and 60 inch tube length pressure waves at a frequency of 
30 cycles per second. From this it can be seen how phase lag and 
amplitude attenuation con be determined through harmonic analysis. 

Table III is a listing of ratios of the pressure amplitude 
for the indicated tube length to the pressure aesplitudc for zero 
tube length where both are corrected to the same pressure amplitude 
at the source and with the same fundamental wave frequency of 
30 cycles per second. Unfortunately, upon completion of the 
analysis it was discovered that the zero tube length oscillogram 
was one for a reduced pressure at the source of 3.74 inches of 
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mercury gaga* whereas the others were in the vicinity of 5.70 inches 
of *ercary. AH cases were corrected to 5.70 inches of mercury 
ga ge pressure. In this manner the attenuation in pressure amplitude 
for any desired harmonic can he determined. 

In addition to attenuation, tho phnso shift of any desired 
harmonic compared to the same harmonic for the zero tube length 
case can be obtained by merely subtracting the phase angle, e gl , 
for the aero tube length from the phase angle, e^, for the finite 
tube length, both for the same harmonic and basic fundamental 
frequency. 

furthermore, the resultant harmonic equations give a 
mathematical indication of distortion. Examination of figs. 11a 
and 1$ shows some harmonics practically damped out whereas others 
are magnified as tube length is increased. 

Unfortunately, insufficient time prevented more harmonic 
analysis at other frequencies or to higher harmonics as well as for 
soma of the othar configurations tested. For the tube lengths 
tested, harmonic analysis at & higher frequency, 60 or 90 cycles 
per second, undoubtedly would have given a much better check with 
existing theory. 

However, Fig. 11a is a plot of the ratio of pressure 
amplitude for finite tube length over zero tube length pressure 
amplitude at 30 cycles per second as obtained by experiment and 
through use of the theoretical graphs prepared by A. S. Iberall 
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in reference (4). Attention is celled to the fact that this is 
for the fundamental harmonic only. For the tube lengths and 
frequency analyzed, since the variations in attenuation were ef 
such an® 11 magnitude and considerable interpolation in the use 
of the theoretical curves was necessary, the degree of agreement 
between experimental and theoretical value* cannot be necessarily 
assured. However, they appear to be in fair agreement, and with- 
out core experimentally determined point* the author cannot 
ascertain agreement. ?ig. 12 is a plot of the pressure amplitude 
for finite tube length* to amplitude for zero tube length for the 
second through sixth harmonics obtained experimentally. 

?ig. lib illustrates the comparison of phasa lag with 
tube length compared with that obtained from the theoretical graphs 
of reference (4) for the fundamental harmonic at 30 cycles per 
second, the apparently poor agreement in phase lag might largely 
bo attributed to interpolation errors in the theoretical graphs 
and the determination of the phase angle, e, in the resultant 
harmonic. A slight change in the value of bi/a^ chan-res the angle 
e considerably. The angle of lag, 0 , for the 42 inch tube length 
was plotted as 15° lead in lieu of 345 lag to facilitate plotting. 
Attention i* called to the fact that the pressure ratio was also 
shown to be greatest for the 42 inch tube length, but since thia 
veo considerably below the resonant frequency of approximately 75 
cyclee per second, the point should be viewed with considerable 
suspicion. 



An attempt to determine phase lag directly from the 
oscillograms was dca© by magnifying each cycle to an arbitrary 
linear scale of 36 major division* representing 3S0 degrees. Then 
by placing zero of this scsle on the fciaer dot on the oscillogram 
representing the at&rt of the wove cycle al the generator and 
reccing the value oa the scale which was aligned with the initial 
pulse of the gage pressure trace starting the cycle on the oscillogram, 
the lag could be read directly. However* in practice the phase lag 
was not so easily determined. As soon as any tube length was added 
end as the frequency was increased* ihs square pressure wave was 
distorted enough so that determination of the initial pulse of tank 
pressure was often impossible and required personal estimation. 

Fig. 13 is offered to illustrate the high degree of scatter of 
points for the plot of phase lag, 0 * against frequency for the 
tube lengths tested, and as obtained directly froa the oscillograms 
utilizing the timer marks. 

Attention is colled to the fact that a flexible coupling 
consisting of a stiff rubber hose was used to drive the square wave 
generator. Considerable torsional vibration was present since the 
pulse of pressure just 03 the valve ports opened or closed caused 
* change in the torque load required to rotate the wove generator 
by the application of a tangential component of Jet thrust. This 
excited n forced torsional vibration which was apparent oa aost of 
the oscillograms by the fact that successive wave lengths were not 
always the same as woll as the feet thot the top half of the wave 



was usually of different length than the lover half. As the tests 
progressed the hose coupling appeared to suffer considerable wear 
and lost much of Its stiffness. Thus It was feared that the amount 
of lag duo to twist In the coupling had increased considerably over 
that for previous tests. Consequently, a universal Joint was 
substituted for the test runs in which the Sloctro-Pressuregraph 
was used. This reasoning appears to be verified by fig. 13 where 
it can be noted that the phase log for the 60 inch tube length 
(obtained from the Stathnm gage runs) is considerably greater than 
that obtained from the fclectro-S’ressuregraph tests in which the 
universal Joint was used. The 60 inch tub© tests for the Stathass 
gage were the last test runs performed using the rubber hose 
coupling. 

In the determination of phase lag, it was assumed that 
phase lag for the zero tube length test runs was zero nt all 
frequencies tested which was practically true as indicated on the 
oscillograms. Actually at the higher frequencies a lag of five to 
ten degrees was Indicated on the zero tube length oscillograms and 
was credited to additional twist in the hose coupling. Thus the 
position of the timer dot on the oscillogram for a given tubo length 
nt a j^iven frequency was compared to the position of the timer dot 
for the some frequency of the zero tub© length oscillogram. 

An attempt to check tho attenuation and phase shift 
obtained through harmonic analysis with that obtained utilizing 
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the analogy of & H-L-C electrical circuit as given in reference (3) 
was made. Ag&in, however, due to the few test runs analysed and 
the relatively low frequency for the tube lengths used* the results 
were inconclusive and are therefore not presented in this report. 

Fig. 14 is a reprint from reference (3) of the pressure 
response and phase lag of a sinusoidal oscillating pressure of small 
amplitude for various tube lengths given in wave lengths* /( » vhere 
/l » cf. These curves are obtained theoretically froo the solution 
of A. C. theory equations for a R-h-C circuit analogous to a pressure 
sensing system of negligible instrument volume. The effect of 
instrument volume ia to shift the pressure response curves to the 
left and to decrease the ratio ? r /P s below the value of unity. 

So specific analysis of the larger diameter tubes or of 
the plenum chamber configurations was conducted. However, just 
through observation of the oscillograms, the effect of the larger 
di&neter tubes as used in this investigation ves to decrease the 
aeplitude cf the oscillation such like n small surge tank. In 
reality this is what was actually present in this configuration 
since the end fittings remained the same small diameter used with 
the 1/4 inch O.D. copper tubes. 

Similarly, by inspecting the oscillograms for the surge 
tank configurations it was noted that the '77' type filter gave the 
greatest daaping of the pressure wave. It appeared that, as would 
be expected fro® theory, that little more than the fundamental 
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frequency was passed through the filter and this was daoped greatly 
itself. The ft type filter is similar to a low frequency pass 
filter which filter® out higher frequencies and permits low 
frequencies to pass through. 
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CGhCU/GiOSS AstD HBCOK>S«0ATIO*S 

?roa the results of this investigation of the environ- 
mental effects on pressure sensing systems for oscillating pressures, 
the following conclusions have been cades 

(1) Any arbitrarily produced pressure wave smy be used 
in the determination of attenuation, phase lag, end distortion 
effects due to the pressure sensing configuration if the wave 
observed resulting from a specific configuration is co spared to the 
wave obtained with the pressure sensing instrument connected directly 
to the source of pressure oscillations when both cases ere at exactly 
the earao frequency and impressed pressure asplitude. It should not 
necessarily be construed that the change in amplitude and phase 
angle cf the fundamental of such an arbitrary wave containing higher 
harmonies would be identical to the change in amplitude and phase 
angle for a pure sinusoidal oscillation under the same conditions. 
This is a question which well might warrant farther experimental 
investigation. 

(3) Harmonic analysis offers the best method in the 
determination of attenuation, phase lag, and distortion resulting 
from the tube connecting a pressure sensing instrument to the 
source of oscillating pressure. All three of these effects a re 
obtainable from harmonic analysis. 

(3) An increase is tube diameter anywhere between the 
ends of the tube connecting the pressure sensing instrument to the 
source of oscillation acts as a small surge tank which decreases 
the amplitude of oscillation. 
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(4) ’or the frequency range investigated a ff type 
filter arrangeaont cf two surgn tanks was the* soet effective 
oethad of damping out pressure oscillations. 

It is recoBasnded that if further investigations ere 
wide utilising the sasso square pressure wave generator, the use of 
an barsenic analyser might be used to good advantage enabling the 
use of siorc oscillograms of waves produced over a wide range of 
frequencies. The addition cf one or more longer tube lengths is 
also highly reconsended. A tube length of 10 feet would permit a 
convenient cocparisar. with the theoretical results obtained using 
the H-L-C circuit theory analogy of reference (.3), which contains 
a table of calculated pressure response ratios for various 
frequencies for e 10 foot long tube. 

the ideal pressure wave for an investigation of this 
type is naturally a sine wave. Any distortion appearing in the 
pressure wave would be indicated then by the appearance of higher 
haraonic terms which could be determined through haraonic analysis 
of the oscillograms obtained, fhe difficulty cf designing a 
sinusoidal pressure wave generator is common knowledge. However, 
there are several voyn in which a wave of approximately sinusoidal 
oscillation can be generated. 1’or & generated pressure wave of 
approximately sinusoidal oscillation, the analysis would still be 
greatly simplified duo to the lesser importance of higher harmonics 
in the initial wave generated. 
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SYMBOLIZATION 



A = Area — tube cross sectional or of Integrated oscillogram 

D = Inside diameter of tube 

L - Tube length 

5 C = Pressure calibration scale factor 

V = Instrument volume 



*n " 


n th 


b n " 


n th 



c = 

e « 

f = 

P = 

t = 

z * 

X -- 

0 = 

x = 



CO 



1 



Propagation velooity 

Phase angle 

Frequency 

Pressure 

Time 

Dimensionless parameter characterizing damping 

Wave length 

Phase shift or lag 

Attenuation factor 

Fluid viscosity 

Kinematic viscosity 

Angular frequency 

Fractional pressure excess 
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TABLE I 

COEFFICIENT^ FOR THE FI RET 3IX HARKONIC3 OF A GENERATED S „UARE 
P. .E j JURE 7A/E AT jO JY JLE.j PER JEOOND A-> OBTAINED FOR YARIOUO TUBE LEN3Trio 



p = a 0 /2 ♦ X a n 000 nt + X b n oin nb 









Tube Len~ 


;th, Inches 




Coefficient 


C 


12 


24 


42 


60 


« 0 / 2 


2.870 


-2.8515 


5.004 


1.9C8 


1.941 


a l 


-1 .028 


-1.110 


-1,004 


-0.5065 


-2.578 


a 2 


-G.C^ 


-0.255 


1.595 


0.858 


-0.075 


*5 


-..524 


-C.30C 


-1.647 


-0.947 


0.552 


a 4 


0.122 


1.155 


-C.688 


G0.C21 


-0.045 


a c; 

y 


.610 


-0.952 


-O.525 


-C.926 


0.542 


& 6 


0.168 


-G.541 


-0.242 


-0.261 


G.O85 


b l 


5.642 


5.744 


5.926 


5.195 


5.568 


b~ 


-0.225 


-C.670 


-C.855 


-0.152 


1.256 


b 5 


J.772 


1.065 


0.G51 


0.177 


-O.C05 


>>4 


C.056 


0.235 


1.492 


0.156 


O.C57 


D 


C.525 


-0.275 


-O.259 


0.C41 


0.556 


b 6 


-J.052 


0.624 


0.515 


C.114 


0.15c 
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table ii 

COEFFICIENTS a;d phase angles for 



FIRST SIX HARMONICS OF A GENERATED SQUARE rRSo^URE 
WAVS FOR VARIOUS TUBS LENGTHS AT JO CPS 

p = g 0 /2 ♦ Z( a n 2 + b n^ 003 ( nt “ e ) 





amh-i: 


USE, (a n 2 4 


• b n 2 ) 








Tube Length, Incheo 


Harmonic, n 


0 


12 


2A 


A2 


50 


i 


5.78J 


5.905 


A.C50 


5.2CO 


A. Acs 


2 


C.2J2 


S.710 


1.67C 


C.3A8 


1.2875 


5 


0.88A 


1.J20 


I.6A7 


0.965 


C.552 


A 


C.1J5 


1.169 


1.6A2 


0.157 


O.C52 


5 


0.691 


0.971 


0.A07 


C.926 


C.656 


6 


0.555 


C.826 


0.567 


0.236 


O.152 






Phaoe An^le, < 


0 






Tube Length, Incheo 


Harmonic, n 


0 


12 


-4" 

CO 


A2 


60 


i 


105°A5* 


106°51 ' 


I0A°21 ' 


91°20' 


125052' 


<•> 


256°57‘ 


2J0 o Al ' 


55°18' 


551°C2 ' 


95°2i • 


5 


12A°11 ' 


126° 55 ' 


178° 15' 


169°2A ' 


559050 ' 


A 


^r 

0 

-=r 

CO 


lA c 05 1 


11A°A5' 


97°50« 


128°o6' 


5 


I5l°55' 


196°16' 


lAjojA ' 


177°29' 


57°28' 


6 


jA2°A<7, ' 


150°55' 


115°lA ' 


156°19' 


57°21' 


Kean ordinate 












*o/2 


2.870 


2.851 


5.00A 


1.908 


I.9A1 
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TA3LE III 

fUTIGo Or r 120-ua2 AMILITUDS ?0.\ FINITE 2132 LE.JOT.l- TO 
T.iE PaE-GlAtE /aPwIT’JOE OBI AINU AT UdO :U3E LENGTH (? L /P 0L ) 

fo.i the pia^r — ix iIa.uacxic.j o. .. o_.i o-iLAd— Pd.j— —La— ./a/e 
a: 50 c?-. aie— u.is Jt'ALiEO to tie wa/s GL.u,.roa coaa_jTEo 
TO 5» /O IXOiiEO OF' KEdOU dY FOA ..-L TUB- L_.i'4iTK3 



V^ol 





Harxonic 


Tube Length 
Inchea 


^ l/^OL ^rrean 


1 


2 


5 


4 


5 


6 


12 


1.C05 


I.050 


5.060 


1.496 


3.650 


1.405 


1.483 


24 


1.040 


1.070 


7.200 


1.865 


1 0 . 17- 


c.588 


1.020 


42 


0 « 66 ^ 


1.572 


5.650 


1.09c 


1.162 


1 . 540 


0.516 


60 


0.677 


1.162 


5.55C 


0.599 


0.537 


0.920 


0.274 
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TA3LS IV 

plage lag, (p , for varioug tube leegtkg al spared ro 
zo<o tube length eg a the pikoT oix harmonics of a generated 

SQUARE PRESSURE WAVE AT JO JP5 



PHAGE LAG, ( j ) 
DSGRE2G 





Harmonic 


Tube Length 
Indies 


i 


2 


5 


4 


5 


6 


12 


0 


0 


2 


550 


45 


140 


24 


c 


0 


J4 


90 


552 


155 


42 


J4J 


157 


45 


75 


26 


174 


60 


20 


197 


155 


104 


166 


75 
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Pis. i 



Test Apparatus for Statham Gage 
with 1? Inch Tube Length 




Fig* ? 



Test Apparatus for it Type 
Filter with Statham Ga~e 





ho - 




Test Apparatus for Zero Tube Length 
with 21ectro-Prp' ,o urejraph 
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J 



5(iupPf Wavc Propagation 
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I 




Sr/} tham Gage Brio6e Circwt 



r 7 




Zero Tube Length 
JO.O CPS 

p g = 5 , 7 4 Inches of Mercury, Gage 




12 Inch Tube Length 
50.5 CPS 

= 5 . 7 O Inches of Mercury, Gage 



24 Inch Tube Length 
50.5 CPS 

p c = 5-70 Inches of Mercury, Gage 




42 Inch Tube Length 60 Inch Tube Lengths 

29.8 CPS 50.6 CF3 

= 5*70 Inches of Mercury, Gage p = 5*7 8 Inches of Mercury, a 



Fig. 7a 

Oscillograms U ed in Haim' nic Analysis Obtained with 
Statham Gage at 9° CP-j for Various Tube Length' 
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•".0 CP 3 ’/'• - 

Fi^. 7b 

Comparison between Cscillo3r« Obtained 
wit’ .!t«; J ' .a. 3a e and Eleeta o-Preb^ur ■ rapt 
with Zero ”ube Length at Various Freauencie. 
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Fit,. 7c 

COiUDancon. between Oscillorra. s Ob t a * ne d 
wibh otatham Ga^e and Slectro— Preesure^raph 
wit 1 Zero Tube Length at Vario "^re^uencie 




3 tat. hair Ga.^e 



Dlectro-Pre. bure^rapl 




70,6 CPS 



79-0 




39.3 CPS 



99.6 cpc 



*ig. 7<i 

Co paricon between O^cillo^ra ^ Obtained 
/ ith Ctatuam Ga^e and Zlec tro-Treasurc ra;u 
with Zero Tube Length at Various Frequencie 





42.5 CP3 



66,6 CPS 



One Filter, 



0.059 Cubic Feet 




40.3 CPS 



fO - 



Two Filtero, 



ff Type, 0.059 Cubic Feet Tach 



Fi 7e 



Co .parison between a Oinr-le 3ur^e Tank 
Filter and a Tf Type Filter for T wo Frcquenciec 
p^ = 5*70 Inche 1 of Lercury, Oa;e 
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^An experimental analysis of en- 
vironmental effects on pressure sensing 
systems for oscillating pressures. 



